first to report a correlation between anti biotic synthesis and sporulation by using gramicidinnegative mutants. They showed that these mutants failed to produce intact spores unless the cells were treated with gramicidin within a critical time period of growth. Here we describe experiments on the induction of sporulation with two types of mutants of B. brevis ATCC 8185 : one produces no peptide antibiotics, and fails to sporulate; the other synthesizes only gramicidin, and sporulates.
Berlin 33, Federal Republic of' Germany Institut jiir Biochernie und Molekularbiologie, Technische Universitat Berlin, Franklinstr. 29, I000 Berlin 10, Federal Republic of Germany (Received 12 July 1983; reuised 28 November 1983) Mutants of Bacillus brevis ATCC 8185 were isolated which were unable to produce detectable amounts of either tyrocidine or linear gramicidin, or both peptide antibiotics. Tyrocidinenegative mutants (BM5, BM21, BM44) sporulated normally. Gramicidin-negative mutants (BM2, BM24) were oligosporogenous, and mutants unable to produce both peptides (S 18, S 19) were asporogenous. Addition of tyrocidine and/or gramicidin to asporogenous mutants in rich medium did not stimulate sporulation. However, these mutants formed normal spores after being transferred to nitrogen-free medium and upon the addition of tyrocidine. It was demonstrated that nutrient broth has a suppressive effect on tyrocidine-induced sporulation of S18. The tyrocidine-negative mutant BM44, sporogenous in rich medium, could sporulate under nitrogen deprivation only if supplemented with tyrocidine. The significance of the peptide antibiotics for a regulatory role in sporogenesis of B. breuis is discussed.
I N T R O D U C T I O N
Bacterial spore formation is usually initiated by limitation or exhaustion of an essential nutrient from the environment (see Freese, 1981) . A number of events have been described as being connected with the initiation of sporulation, such as changes in the nucleotide pool (Freese et al., 1979; Lopez et al., 1981) , the appearance of polyphosphorylated nucleotides (Rhaese et al., 1977 (Rhaese et al., , 1980 and the synthesis of peptide antibiotics (Schaeffer, 1969; Marahiel & v. Dohren, 1982) . However, the initiation process is not yet fully understood. We are concerned with the possible role of peptide antibiotics in sporulation, a matter which has been controversial for decades (Katz & Demain, 1977; Freese, 1981) . Kurahashi and co-workers isolated mutants of Bacillus brevis ATCC 9999 which were unable to synthesize gramicidin S and which were oligosporogenous. They concluded that there may be a connection between antibiotic synthesis and sporulation (Kambe et al., 1974) . 'However, a spontaneous gramicidin S non-producing mutant was found to sporulate at a higher percentage than the wild-type cells, indicating that the connection is not simple ' (Kambe et ul., 1974) . In B . breziis ATCC 8185 which produces two peptides, the linear gramicidin and the cyclic tyrocidine, several observations suggest that both peptides have regulatory functions within the initiation process of sporulation. (1) Tyrothricin, a mixture of the two peptides, induces spore formation in vegetative cells under conditions of nitrogen starvation (Ristow et al., 1979; Ristow & Paulus, 1982) . (2) Under conditions where peptide synthesis is suppressed, spore formation is only observed when the cell culture is supplemented with both peptides (Pschorn et al., 1982) . Evidence to confirm this relationship should come from studies with mutants which are unable to form peptides and, as a consequence, fail to sporulate. Attempts have been made to isolate such mutants, but the mutants obtained in both the laboratory of H. Paulus (personal communication) and in our laboratory were, in most cases, unstable and reverted easily. However, Mukherjee & Paulus (1977) Peptide antibiotics and sporulation 749 f T 3 6 9 12 15 I8 Time (min) Fig. 1 . Separation of a mixture of commercial gramicidin and tyrocidine by HPLC as described in Methods. Tyrocidines A, B and C were identified with authentic peptides, and the analogues B and C were standardized.
peptides. The amounts of tyrocidine determined in the cells is the sum of the amounts of tyrocidines B and C (about 90% of total tyrocidine), while the minor components A and D were neglected. The limit of quantification of gramicidin was 0.1 kg, and that of tyrocidines B and C 0.2 pg. All results were expressed as pg peptides in cells from 1 ml of culture.
R E S U L T S
Antibiotic non-producer mutants After treatment of spores with EMS, 6000 colonies were screened for their ability to produce tyrocidine or linear gramicidin as well as to form spores. Peptides, after extraction from cells, were identified by chromatography on silica gel plates, and spore formation was tested by heating cell samples of a 48 h liquid culture for 20 min at 80 "C. Seven colonies were identified and subdivided in the following three classes ( Table 1) : (1) mutants (BM5, BM21, BM44) unable to produce detectable amounts of tyrocidine and which sporulate to the same level as the parent strain; (2) mutants (BM2, BM24) unable to produce detectable amounts of gramicidin and which are oligosporogenous; (3) mutants (S18, S19) unable to produce detectable amounts of both peptides and which are asporogenous. All three classes have approximately the same growth rate in liquid media as the parent strain. On solid media, colonies of classes (2) and (3) are translucent; those of class (1) are opaque like the parent strain. To study the role of the peptide antibiotics in sporulation we selected mutants of classes (1) and (3): the normally sporulating BM44, which is unable to synthesize tyrocidine, and the asporogenous S18 and S19, which are unable to form both peptides.
Using the HPLC technique, synthesis of tyrocidine and gramicidin was quantitatively determined in cells of growing cultures. In the wild-type strain, tyrocidine synthesis usually began between 0 and 1.5 h when cells were grown in an aerated rich medium. Gramicidin synthesis followed about 90 min later ( Fig. 2a ). Both peptides were found throughout sporogenesis in the cells as well as in the medium (not shown). In BM44 no measurable tyrocidine was found in the cells (Fig. 2b) or in the medium (not shown). Gramicidin synthesis began after 2 h in a quantity exceeding that of the wild-type ( Fig. 2b) . No peptides were found in S18 and S19 up to 24 h (not shown). Occasionally, spontaneous revertants of S18 and S19 were observed. Their phenotypes were indistinguishable from that of the wild-type : the cells produced peptide antibiotics and sporulated normally. (b) . Cells were grown in Hanson's medium and the OD,,, was followed (-). Samples were spun down, and the cells were washed with 0.2 M-NaCI and extracted for peptide determination as described in Methods. The amounts of tyrocidine (B + C, 0 ) and gramicidin (0) were expressed as pg in cells of 1 ml of culture, divided by the OD,,, value to give a standard result per 1 OD,,, unit of cells.
Induction of sporulation in mutants
The addition of low amounts of tyrocidine or gramicidin or both to S18 or S19 cultures in rich medium at 0 h or later did not promote sporulation, but led to cell death at concentrations higher than 20 pg ml-*. To test the significance of the peptides in the sporulation of our mutants we made use of the observation that exponentially growing wild-type cells when transferred to nitrogen-free medium sporulate when supplemented with tyrothricin (Ristow et al., 1979) or with tyrocidine alone. In the latter case, the addition of tyrocidine induces gramicidin synthesis followed by other sporulation-specific events and the formation of heat resistant spores (Ristow & Paulus, 1982) . When exponentially growing cells of S18 and S19 were transferred to nitrogenfree medium thenlike the wild-type cellsthey did not form spores (Table 2) . However, the addition of tyrocidine stimulated sporulation in all three strains. The addition of gramicidin affected the number of viable cells but in no case was significant sporulation observed. Addition of a mixture of both peptides led to comparable spore titres in all three cultures (Table 2 ). It has been reported that if wild-type cells are transferred to a nitrogen-free medium supplemented with low amounts of nutrient, which are not sufficient to promote cell division, then these cells form tyrocidine and gramicidin and sporulate (Pschorn et al., 1982) . As shown in Table 2 , S18
and S19 formed only low but significant spore titres in the presence of 1 % nutrient broth as compared to the wild-type. The fact that they formed spores at all could either indicate that these mutants are conditional (the integrity of their synthetases for the ability to form peptides has not been studied) or that some of the cells reverted to the wild-type. BM44 failed to sporulate in the absence of any nutrient within 24 h after transfer (Table 2) . However, we observed that after 36 h spores were formed. Upon the addition of tyrocidine a good spore yield was already found after 24 h (Table 2 ). This result also demonstrates for BM44 that, under these experimental conditions, tyrocidine has a sporulation-inducing activity. Gramicidin, on the other hand, at the concentration used, stimulated sporulation only poorly. This may be due to its toxicity to cells at this particular stage of differentiation (Table 2) .
Correlation between peptides and sporulation It has been shown that wild-type cells require the presence of both peptides for sporulation (Pschorn et al., 1982) . To see if this is also the case with our mutants, cells, after transfer to nitrogen-free medium with or without supplementation with peptides, were extracted at the times indicated and analysed for their peptide content (Table 3) . Wild-type cells in the absence of exogenous tyrocidine or gramicidin were not stimulated to produce peptides after 12 h, but they produced some peptides after 24 h. We explain this result by assuming that a number of dead cells provide sufficient nutrients for a limited peptide synthesis, which also gives rise to some sporulation at times later than 24 h. The addition of tyrocidine stimulated gramicidin synthesis, and sporulation was observed. Upon the addition of gramicidin, some tyrocidine was synthesized but no spores were found after 24 h. With S 18 and S19 no peptides were synthesized in the absence of exogenous peptides and no spores were formed. Upon the addition of tyrocidine, both mutants sporulated; however, no gramicidin was found. The addition of gramicidin led neither to tyrocidine synthesis nor to sporulation. This result could mean that these mutants do not require gramicidin synthesis for sporogenesis, or that a low amount of gramicidin is produced which, although not detectable with our HPLC method, is sufficient for the induction of sporulation. The mutant BM44 in the absence of exogenous peptides did not form tyrocidine, but some gramicidin was detected after 24 h which may have caused the cells to sporulate later than 24 h after transfer. Upon the addition of tyrocidine, however, the cells were stimulated to produce gramicidin after only 12 h, and the amount produced had doubled after 24 h. These cells sporulated normally after 24 h. On the other hand, gramicidin did not promote tyrocidine synthesis ( Table 3) .
Inhibition of sporulation by nutrient broth
We were concerned about the reasons for our failure to stimulate sporulation in S18 and S19 cells in rich medium by exogenous peptides. Therefore, increasing amounts of nutrient broth were added to transferred cells in a nitrogen-free medium supplemented with tyrocidine ( Table  4 ). In this experiment tyrocidine caused 56% of the S18 cells to sporulate. However, 0.1% nutrient broth reduced the spore titre by half. Addition of more nutrient broth abolished the sporulation-inducing activity of tyrocidine completely, whereas the number of viable cells increased. In the same experiment the effect of nutrient broth was tested on cells supplemented with gramicidin. As shown in Table 4 , nutrient broth had no stimulatory effect on sporulation of S18 in the presence of gramicidin, but at higher concentrations it counteracted the toxic effect of this peptide. Also, in the presence of both peptides which were found to induce sporulation of S 18 ( Table 2) , addition of nutrient suppressed sporulation ( Table 4) . These results may explain why we failed to induce sporulation of S18 in rich medium, although they do not indicate the mechanism by which sporulation is suppressed. It has been shown that some amino acids inhibit sporulation of the wild-type after transfer of the cells to nitrogen-deficient medium (Pschorn et al., 1982) . f Cell input was 2-5 x lo7 cells ml-I.
DISCUSSION
We reported earlier that sporulation of B. brevis ATCC 8185 can be induced by tyrocidine when exponentially growing cells are transferred from rich medium to one that lacks a utilizable nitrogen source. Thereby tyrocidine induces the synthesis of gramicidin, which is accompanied by a low but significant burst of RNA synthesis and followed by other sporulation-specific events (Ristow & Paulus, 1982) . As discussed below it seems unlikely to us that stimulation of gramicidin synthesis is the only function of tyrocidine. In addition we found that inhibition of tyrocidine synthesis or of both tyrocidine and gramicidin synthesis led to suppression of sporulation in the wild-type, an effect that could be reversed by exogenous peptides (Pschorn et ul., 1982) . It was concluded from these results that both peptides are required for sporogenesis. In order to substantiate these conclusions we have now reported experiments with two types of mutant derived from B. breuis ATCC 8185. The mutants S18 and S19 are unable to synthesize tyrocidine and gramicidin and do not form spores in rich medium. Supplementing these cultures with peptides did not induce sporulation. Either the critical time point was missed or the conditions necessary for a response to exogenous peptides were not met. However, when exponentially growing cells were transferred to nitrogen-free medium and supplemented with tyrocidine, then their spore formation was comparable to that of the wild-type cells. Gramicidin, at the concentrations used, appeared to have a slight toxic effect and did not induce sporulation. Both peptides together stimulated sporulation in the wild-type cells and the mutants to a comparable extent. Wild-type cells transferred to a nitrogen-deficient medium which was supplemented with low amounts of nutrient broth or with some amino acids produced tyrocidine as well as gramicidin, followed by spore formation (Pschorn et al., 1982) . With S18 and S19 only low spore titres were observed in the presence of some nutrient; however, the cell number was increased, unlike that of the wild type. The addition of increasing amounts of nutrient to tyrocidine-treated cells of S18 in nitrogen-free medium suggests an antagonistic activity between tyrocidine and nutrient : the sporulation-inducing activity of tyrocidine decreases. This inhibitory effect of nitrogen on sporulation may have been responsible for our failure to induce sporulation of S18 with exogenous peptides in rich medium. The induction of sporulation of S18 and S19 by tyrocidine was not accompanied by detectable gramicidin synthesis. Thus gramicidin does not appear to be essential for sporogenesis with this strain under these conditions. The other mutant, BM44, which does not form tyrocidine but does form gramicidin, sporulates normally in rich medium. Its gramicidin synthesis apparently does not require stimulation by tyrocidine. Symons & Hodgson (1982) described a type of mutant of B. brevis which may be similar to BM44; they found that all their mutants lacking the ability to form tyrocidine but which could synthesize gramicidin sporulated normally. The significance of both peptides for the sporulation process of BM44 was shown by the transfer experiments. In nitrogen-free medium, the cells promoted gramicidin synthesis apparently very slowly, accompanied by late sporulation. This delay in sporulation was compensated to some extent by the addition of exogenous gramicidin. The addition of tyrocidine, however, induced gramicidin synthesis and promoted sporulation very effectively, indicating that this mutant still responds to tyrocidine. Unfortunately, so far there is no information about the type of mutations because no genetic characterization and no transformation system for B. brevis ATCC 8185 has yet been developed which would allow the nature of the mutations to be determined.
From the results described it appears that tyrocidine and gramicidin have regulatory functions in early stages of sporogenesis. Apparently, in our mutants, these functions together are not essential: in S18 and S19 exogenous tyrocidine alone stimulates sporulation under nitrogen deprivation. In BM44 gramicidin synthesis and sporulation are stimulated in rich medium without being initiated by tyrocidine. In both cases, however, one of the peptides has to be present. Among all these mutants so far screened not one has been found which sporulates in the absence of both peptides (M. A. Marahiel, unpublished results) . We speculate that the peptides may regulate different processes affecting sporogenesis. In the absence of both peptides these processes cannot be regulated effectively, but our mutants may overcome the lack of one of the regulatory mechanisms. Several proposals have been made of how the two peptides may act in the cell (Sarkar & Paulus, 1972; Sarkar et a/., 1977; Fisher & Blumenthal, 1982; Hansen et al., 1982) . None of them, so far, has been proved to be correct. In conclusion, our results strongly suggest that sporulation and the synthesis of the peptide antibiotics tyrocidine and gramicidin of B. brevis are causally connected.
We thank Lesley Hirst for her excellent technical assistance. The work was supported by the Deutsche Forschungsgemeinschaft (Ri 309/5-6).
